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ABSTRACT 



lUDLEYKNO* LIBRARY 

K2«tiATE3CHOO 
■10NTEKEY CA 93943-5101 



The strength and toughness of low alloy steel shielded metal arc weld (SMAW) 
metal is markedly improved by the presence of the microconstituent acicular ferrite. Since 
acicular ferrite is nucleated by the non-metallic inclusions present in the weld metal its 
presence is determined by the size, number, distribution and chemical composition of these 
inclusions. Previous work has shown that inclusions containing no titanium are usually 
ineffective as nucleants of acicular ferrite in some C-Mn steel weld metal whereas 
inclusions containing small amounts (less than 5%) of titanium or more can produce a 
microstructure containing as much as 70% of acicular ferrite. 

In the present work the size, number, distribution and chemistry of the inclusions 
in two C-Mn steel weld metals containing 1 and 28 ppm respectively of Ti were studied by 
scanning and transmission electron microscopy, energy dispersive x-ray (EDX) analysis 
and parallel electron energy loss spectroscopy (PEELS). This work showed that the 
inclusions in the ‘Ti-free’ sample contained rhodonite (MnO.Si0 2 ) sometimes complexed 
with copper sulfide (CuS). In the sample that contained 28 ppm Ti the nature of the 
inclusions was found to be far more complex, often containing three phases. However 
EDX and PEELS analyses indicated that the titanium adopts a valency of 4 and may be 
complexed as pyrophanite (MnO.Ti0 2 ) and the presence of this compound seems to be 
responsible for the nucleation of acicular ferrite although the exact mechanism is not yet 
clear. This work shows that it is important to control the Ti content of steel weld metal so 
that strong tough microstructures are produced; this issue is obviously of critical 
importance in Naval ship construction. 
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I. INTRODUCTION 



The U.S. Navy has stringent strength and toughness requirements for ship building 
steels and their weldments. Although, these are relatively easy to meet for base metal, as 
demonstrated by the successful use of HSLA and HY steels in ship construction the 
development of strong tough weld metals which can be used over a range of welding 
conditions (voltage, current, preheat/interpass temperature for particular applications) has 
proved much more difficult. An ideal weld metal would be one that could easily meet 
Navy strength and toughness requirements (for the grade of steel concerned) regardless of 
welding procedure. 

In order to produce strong, tough steel weld metal the fusion zone microstructure 
must be carefully controlled. Use of the shielded metal arc (SMAW), submerged arc 
(SAW) and gas metal arc (GMA) welding methods on high strength steels can lead to 
complex microstructures which can include the following microconstituents: martensite, 
bainite, grain boundary ferrite, Widmanstatten ferrite and acicular ferrite. Weld metal 
microstructures which do not contain acicular ferrite can usually meet strength 
requirements but are often insufficiently tough unless the weldment is multi-run in which 
case tempered martensite and bainite can provide a tough microstructure. However, if 
acicular ferrite is present in the weld metal in significant amounts, then both the strength 
and toughness can be significantly improved. Consequently, the maximizing of the 
acicular ferrite in steel weld metal is an important issue for those engineers developing 
new weld wires for Navy use. 
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In order to generate steel weld metal that contains large amounts of acicular ferrite 
several conditions must be met. In the first place the weld metal carbon content and 
carbon equivalent must be such that its continuous cooling characteristics are appropriate 
for acicular ferrite formation. (This of course will be different for different welding 
procedures which have different heat inputs and efficiencies). Secondly the weld metal 
oxygen content must be at the correct level (usually in the range 200-400 ppm) so the 
non-metallic inclusions of appropriate size, number, distribution and chemistry are present, 
since these are responsible for the nucleation of acicular ferrite. This also implies that the 
level of deoxidizing elements (Mn, Si, Al, Ti, etc.) in the weld metal must also be carefully 
controlled. 

Although it is well known that non-metallic inclusions are responsible for the 
nucleation of acicular ferrite in steel weld metal, there is only minimal understanding of the 
relationship between the chemistry and crystallography of the inclusions and the 
surrounding weld metal. 

This is obviously a very important issue for those welding engineers who are 
trying to develop new weld filler wires for high strength steel applications. In the present 
work, attempts will be made to use transmission electron microscopy (TEM), energy 
dispersive x-ray (EDX) spectroscopy and parallel electron energy loss spectroscopy 
(PEELS) to understand the chemistry and crystallography of the inclusions which are 
responsible for the formation of acicular ferrite in submerged are weldments made on C- 
Mn steels. 
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II. BACKGROUND 



A. HISTORY OF ACICULAR FERRITE 

The term acicular ferrite was first proposed in 1930 by Davenport and Bain. From 
then on bainite and acicular ferrite were terms used interchangeably. It was not until the 
last 25 years that metallurgist have distinguished between intragranular nucleated acicular 
ferrite and the more common bainite which is nucleated on the grain boundaries of the 
prior austenite. Common bainite grows in a parallel plate-like structure. In contrast, 
acicular ferrite nucleates on inclusions, within grains, and develops platelets that arrange 
themselves in multiple directions. These acicular ferrite platelets are shorter because their 
growth is arrested by interaction with other platelets that grow from adjacent inclusions. 

B. PROPERTIES 

There is increasing interest in acicular ferrite because of its desirable effects on 
steel and steel weld metal. Acicular ferrite’s plate-like structures arranged in multiple 
directions tend to both increase yield strength and fracture toughness. The yield strength 
is increased due to the displacive nature of the acicular ferrite transformation in which 
platelets grow in an invariant plane strain transformation [Ref. 10]. This strain 
transformation takes place at elevated temperatures when both the austenite and ferrite 
matrices are very accommodating. This “accommodation” leads to dislocation densities 



3 



that are quite large, of the order of 10 14 /m 2 These high dislocation densities provide 
increase in yield strength of up to 145 MPa [Ref. 10], 

Fracture toughness is also enhanced in metals with high acicular ferrite 
concentrations because of the nature of crack propagation within a polycrystalline 
material. A crack going through a grain encounters numerous acicular ferrite platelets 
which are oriented in many different directions. Each platelet offers an increase in local 
distortion of the crystal lattice due to their high dislocation densities. Thus cracks require 
more energy to progress through the platelets and it is too difficult to follow the acicular 
ferrite interface. This impedes free crack motion and thus, increases the material’s 
resistance to crack propagation and thus, its fracture toughness. 

This beneficial structure of acicular ferrite tends to form a veiy fine array of 
interlocking platelets as shown in Figure (1). This optical micrograph was taken at a 
magnification of 63 Ox at the centerline of a SMAW weld on a C-Mn steel at the captioned 
depth. A more in-depth discussion of this micrograph is provided in the Experimental 
section. 
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Figure 1 - Acicular ferrite with some Widmanstatten ferrite in a C-Mn weld metal. 



C. REACTION MECHANISMS 

There are four generally accepted mechanisms to explain why acicular ferrite may 
nucleate within an austenitic grain on non-metallic inclusions. The first and least complex 
is, simple heterogeneous nucleation. The second is epitaxial growth of the ferrite on a 
suitably oriented inclusion surface. The third mechanism is reduction of strain energy 
produced due to different thermal expansion coefficients between the matrix and inclusion. 
The last, and most complex of the four mechanisms arises from chemical effects in the 
matrix caused by local interactions with the inclusions. These various mechanisms are 
discussed in detail by Gregg et al. [Ref. 3], 
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Heterogeneous Nucleation 



It is unlikely that simple heterogeneous nucleation of ferrite on an inclusion is the 
sole mechanism responsible for acicular ferrite. The first problem with this theory 
concerns the surface to volume energy associated with nucleation. Nucleation on an 
inclusion requires a larger surface angle than nucleation on the interior of a grain 
boundary. Thus more energy is required for ferrite to nucleate on an inclusion than on an 
austenite grain boundary. Secondly, Ricks et al. (1982) [Ref. 24], noted that ferrite should 
be more likely to nucleate on austenite to austenite interfaces than on the austenite to 
inclusion interfaces. This is because the surface energy for like compositions should be 
less than that of unlike compositions, namely ferrite-inclusion interfaces should require 
more energy than ferrite-austenite interfaces. Both of the aforementioned problems make 
simple nucleation of acicular ferrite on inclusions improbable. 

2. Epitaxial Growth 

The second mechanism is epitaxial growth of ferrite on a suitably oriented surface. 
This mechanism involves lattice matching where low index crystallographic planes of both 
ferrite and the inclusion have a similar spacing [Ref. 10], The similarity of the structure 
and spacing reduce the energy required to cause nucleation. This nucleation on non- 
metallic inclusions has been directly observed by Grong et al. 1992 [Ref. 37], Table (1) 
shows the disregistry between the various possible oxides which can make up the non- 
metallic inclusions and ferrite lattice. Note, that TiO has a relatively low disregistry on the 
plane of epitaxy in the Bain orientation which is when the {100} plane of the ferrite lattice 
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is parallel with the {100} plane of the inclusion and also that the <100> direction of the 
ferrite lattice is parallel with the <1 10> direction of the inclusion. The cube orientation 
referred to in Table (1) simply means that both the crystals of the inclusion and ferrite are 
in identical orientation. 



Table 1 - List of inclusion misfit percentage with a-Fe<uo> based on planar 
spacing reprinted from [Ref. 10], 



Jf'Jl! Inclusion ; }§| 


Orientation 


Plane of Epitaxy 


Misfit fS 


| • TiO ' ' 


Bain 


{100} 


3.0 


TiH 


Bain 


{100} 


4.6 


ill 


Bain 


{100} 


3.2 


Galaxite f| 


Bain 


{100} 


1.8 


CuS 


Cube 


{111} 


2.8 



3. Misfit Strain 

The third mechanism is the reduction of strain energy produced due to different 
thermal expansion coefficients between the matrix and the inclusion. As the molten metal 
cools the first items to nucleate and solidify are the inclusions. The matrix solidifies much 
later. Since austenite and ceramic inclusions have a very different thermal expansion 
coefficient there is a strain field that is set up around each inclusion. Barrite and Edmonds 
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